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Swine manure is often considered as contaminant 
to soil, air, and water even though well treated swine 
manure has been a good source of nutrients for agri-
cultural products during cultivation history. Recently 
malodor complaint and greenhouse gas (GHG, espe-
cially methane (CH4) and nitrous oxide (N2O) from 
livestock agriculture) emissions are the main targets for 
air pollution. A well-known efficient means to decrease 
odor, CH4, and N2O from swine manure is to treat it 
aerobically (Williams et al., 1989; Park et al., 2011) as 
anaerobic and anoxic environments are preferable to 
microbes generating odor and CH4, and N2O (Zhu, 
2000; Yu et al., 2001). Rassamee et al. (2011) indicated 
that both incomplete nitrification and incomplete deni-
trification could result in N2O emission under anoxic-
aerobic and intermittent aeration conditions. Harper 
et al. (2000) reported that N2O production with NO3– 
increase indicated denitrification process in swine 
lagoons. Biological swine manure treatment system in 
Korea often consists of liquid-solid separation process 
for stored manure, aerobic process (composting sys-
tem, activated sludge system, etc.), anoxic process and 
advanced process for discharge. In Korea, 80.27% of 
swine barns had a manure storage tank (MST) storing 
untreated manure and an aeration tank (AT) (Korea 
Pork Producers Association, 2014) in order to solve the 
manure and odor problems. However, little research on 
microbial communities during swine manure treatment 
processes in Korea has been conducted even though 
microbe populations and activity are the most impor-
tant variables to evaluate the efficiency of that system. 
In this study, we examined the effects of the mechanical 
aeration on microbial communities in swine manure 
storage using the next-generation sequencing of 16S 
rRNA gene amplicons.
Total community DNA was extracted from the MST 
and the AT groups using NucleoSpin®Soil Kit (Mach-
erey-Nagel, Düren, Germany) as described previously 
(Han et al., 2016). 16S rRNA gene amplicon sequenc-
ing was conducted using the Illumina MiSeq sequencer 
(Roche, Mannheim, Germany) for the V4 region librar-
ies that were constructed using the 515f-806r bacterial/
archaeal primer set (Caporaso et al., 2011; Walters et al., 
2016). The QIIME software package v.1.9.1 (Caporaso 
et al., 2010) was used to conduct sequence processing 
and bioinformatics analysis.
A total of 10,509 16S rRNA gene sequences com-
prising 10,042 bacterial and 467 archaeal sequences 
were identified from samples that were obtained from 
the MST group (5,486  sequences) and the AT group 
(5,023 sequences) in swine wastewater purifying facili-
ties. The 10,509 bacterial sequences were classified into 
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A b s t r a c t
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24 phyla where Proteobacteria was the first predomi-
nant phylum and accounted for 53% of all the 10,509 
sequences. Bacteroidetes and Firmicutes were the sec-
ond and the third predominant phyla and accounted 
for 25% and 12% of all the sequences, respectively. Act­
inobacteria was the fourth predominant phylum and 
accounted for 2% of all the 10,509 sequences, while 
Verrucomicrobia and Fusobacteria each accounted for 
1% of all the 10,509 sequences. The rest of 17 phyla were 
Tenericutes, Spirochaetes, Thermi, WWE1, Gemmati­
monadetes, Chloroflexi, Planctomycetes, Lentisphaerae, 
Synergistetes, TM7, Acidobacteria, Chlorobi, Cyanobac­
teria, FBP, BRC1, Chlamydiae and SR1. Each of these 
17 phyla represented < 1% of all the 10,509 sequences, 
and the 17 phyla were regarded as “minor” phyla. On 
the other hand, all the 655 archaeal sequences were 
assigned to Euryarchaeota that are mostly composed 
of methanogens, accounting for 4% of all the 10,509 
sequences. Proportions of phyla for each group and col-
lective data indicating the proportion of total sequences 
across all 2 groups were shown in Fig. 1.
The 10,042 sequences were assigned to 226 genera 
where 19 genera accounted for at least ≥ 0.5% of the 
total sequences in at least 1 of the 2 sample groups were 
regarded as “major genera”. The 19 dominant genera 
were Corynebacterium, Bacteroides, Paludibacter, Por­
phy romonas, Prevotella, Aequorivita, Gelidibacter, Turi­
ci bacter, Clostridium, Megasphaera, Cupriavidus, Tha­
uera, Desulfuromonas, Campylobacter, Sulfurimonas, 
Rhodanobacter, Treponema and 2 putative genera (B-42 
and vadinCA11). A total of 4,960 OTUs were identified 
across the MST and the AT groups where 18 OTUs each 
accounted for at least 0.5% of the total sequences in 
at least 1 of the 2 groups and were regarded as “major 
OTUs” (Fig. 2). These 18 OTUs were assigned to Proteo­
bacteria (11 OTUs), Bacteroidetes (6 OTUs) and Eury­
archaeota (1 OTU). 
The proportion of phylum Proteobacteria was 
slightly increased in the AT group compared to the 
MST group, indicating aerobic conditions in the aera-
tion tank might stimulate the growth of aerobic bacteria 
placed within Proteobacteria. Of the 19 dominant gen-
era, the proportion of genus Rhodanobacter was more 
abundant (3.5-fold) in the AT group than in the MST 
group. Prakash et al. (2012) indicated that Rhodanobac­
ter denitrificans is facultative anaerobic and involved 
in denitrification. The growth of Rhodanobacter in the 
current study may be stimulated under anoxic condi-
tions in aeration and contribute to N2O emission in 
swine manure. The proportions of genera Thauera and 
Fig. 2. Heatmap showing the proportion of major taxa (a) and OTUs (b). Taxa and OTUs accounting for ≥ 0.5% of total sequence reads 
in at least 1 of the MST and the AT groups were regarded as “major” taxa and OTUs. MST, manure storage tank; AT, aeration tank
Fig. 1. Proportions of phyla for each group.
Phyla represented by < 1% of total sequences across all 2 groups were 
combined and regarded as minor phyla. “Total” is the proportion of total 
sequences across all 2 groups. MST, manure storage tank; AT, aeration 
tank
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Cupriavidus also were more than 2-fold abundant in 
the AT group than in the MST group (Fig. 2). Thau­
era spp. are aerobic denitrifying bacteria that pro-
duce N2O under aerobic conditions (Scholten et al., 
1999; Yamashita et al., 2011). In the current study, the 
growth of Thauera may be stimulated by oxygen avail-
able under anoxic conditions in aeration and contrib-
ute to N2O emission. It was reported that Cupriavidus 
necator is a denitrifying bacterium (Lykidis et al., 2010), 
indicating that it also may contribute to N2O emission. 
Eight of the 18 dominant OTUs were assigned to fami-
lies Comamonadaceae, Nitrosomonadaceae, Pseudo­
monadaceae and Xanthomonadaceae but could not be 
assigned to any known genus (Fig. 2). The proportions 
of the 8 OTUs were more abundant in the AT group 
than in the MST group, indicating that putative species 
corresponding to these 8 OTUs may be denitrifying 
bacteria contributing to N2O emission or aerobic bac-
teria stimulated by oxygen.
The proportion of Bacteroidetes was slightly decre-
ased in the AT group comparfed to the MST group 
(Fig. 1). At the genus level, the proportions of Porphy­
romonas, Bacteroides, Paludibacter and Prevotella were 
decreased in the AT group compared to the MST group 
(Fig. 2). It seems that Porphyromonas, Bacteroides and 
Prevotella are anaerobic pathogens and phylogenetically 
close to each other (Falagas and Siakavellas, 2000). An 
anaerobic Bacteroides strain was isolated from a swine 
manure storage pit (Land et al., 2011), while anaerobic 
Prevotella strains were isolated from swine fecal samples 
(Nograšek et al., 2015). Paludibacter strains also were 
anaerobic bacteria (Ueki et al., 2006; Qiu et al., 2014). 
Therefore, the growth of these 4 anaerobic genera seems 
to be inhibited by oxygen available under anoxic condi-
tions in the aeration group. On the other hand, genera 
Aequorivita and Gelidibacter placed were more than 
5-fold abundant in the AT group than in the MST 
group (Fig. 2). Because Aequorivita and Gelidibacter 
are aerobic (Liu et al., 2013; Bowman, 2016), aeration 
seems to stimulate the growth of these two genera with 
breakdown of organic compounds in swine manure. 
Of the 18 dominant OTUs, 3 OTUs were assigned to 
Porphyromonadaceae (2 OTUs) and Flavobacteriaceae 
(1  OTU) that were decreased in the AT group com-
pared to the MST group (Fig. 2). Putative species cor-
responding to these 3 OTUs will need to be identified 
in future studies.
The proportion of Firmicutes was slightly decreased 
in the AT group compared to the MST group (Fig. 1). 
At the genus level, the proportion of Megasphaera was 
increased in the AT group compared to the MST group 
while the opposite held true for Clostridium. Although 
Megasphaera sequences were identified from swine 
manure compost (Guo et al., 2007), the role of Mega­
sphaera during aeration remains to be elucidated. 
Anaerobic Clostridium in the MST group may origi-
nate from the swine gut (Holman et al., 2017) and be 
decreased by oxygen produced by aeration.
The proportion of putative genus vadinCA11 in 
family Methanomassiliicoccaceae was greatly decreased 
in the AT group compared to the MST group (Fig. 2). 
This result indicates that anaerobic methanogens are 
inhibited by oxygen produced by aeration.
Alpha diversity indices, which are OTU richness, 
Chao1 estimate, PD_whole_tree distance and the Shan-
non diversity index, were greater in the MST group 
than in the AT group (Table I). These results indicate 
that microbial communities are more diverse in the 
MST group than in the AT group. Microbial diversity 
in the AT group might be reduced because the growth 
of anaerobic microbes was inhibited by oxygen pro-
duced by aeration.
In conclusion, we demonstrated that microbial 
diversity in the manure storage tank is changed by the 
mechanical aeration of swine manure including changes 
of denitrifying bacteria contributing to N2O emission. 
It may partly answer the microbiological question why 
N2O emission is increased by the mechanical aeration. 
Our study may further indicates the possibility of find-
ing the way to reduce greenhouse gases through mani-
pulation of microbial diversity during swine manure 
treatment process.
Acknowledgements
This work was carried out with the support of “Cooperative 
Research Program for Agriculture Science & Technology Develop-
ment (Project title: Quantification of CH4 and N2O emissions from 
swine facilities for national greenhouse gas data expansion, Project 
No. PJ01014601)” Rural Development Administration, Republic of 
Korea, and this study was supported by 2013 Research Grant from 
Kangwon National University. 
Literature
Bowman J.P. 2016. Draft genome sequence of the psychrophilic 
gliding species Gelidibacter algens ACAM 536. Genome Announc. 
4: e00908–e00916. 
Bowman J.P. and D.S. Nichols. 2002. Aequorivita gen. nov., a mem-
ber of the family Flavobacteriaceae isolated from terrestrial and 
marine Antarctic habitats. Int. J. Syst. Evol. Microbiol. 52: 1533–1541.
Table I
Alpha diversity indices.
MST1 3046 17978 189.79 10.14
AT2 2694 15102 157.85 9.90
1 MST = manure storage tank
2 AT = aeration tank
Group # of observedOTUs Chao1
PD_whole
_tree Chao1
Kim M. et al. 1112
Caporaso J.G., C.L. Lauber, W.A. Walters, D. Berg-Lyons, 
C.A. Lozupone, P.J. Turnbaugh, N. Fierer and R. Knight. 2011. 
Global patterns of 16S rRNA diversity at a depth of millions of 
sequences per sample. Proc. Natl. Acad. Sci. USA 108 Suppl. 1: 
4516–4522.
Caporaso J.G., J. Kuczynski, J. Stombaugh, K. Bittinger,  F.D. Bush-
man, E.K. Costello, N. Fierer, A.G. Peña, J.K. Goodrich, J.I. Gor-
don, G.A. Huttley, S.T. Kelley, D. Knights, J.E. Koenig, R.E. Ley, 
C.A. Lozupone, D. McDonald, B.D. Muegge, M. Pirrung, J. Reeder, 
J.R. Sevinsky, P.J. Turnbaugh, W.A. Walters, J. Widmann, T. Yat-
sunenko, J. Zaneveld and R. Knight. 2010. QIIME allows analysis 
of high-throughput community sequencing data. Nat. Methods 7: 
335–336.
Falagas M.E. and E. Siakavellas. 2000. Bacteroides, Prevotella, and 
Porphyromonas species: a review of antibiotic resistance and thera-
peutic options. Int. J. Antimicrob. Agents 15: 1–9.
Guo Y., N. Zhu, S. Zhu and C. Deng. 2007. Molecular phylogenetic 
diversity of bacteria and its spatial distribution in composts. J. Appl. 
Microbiol. 103: 1344–1354.
Han G.G., E.B. Kim, J. Lee, J.Y. Lee, G. Jin, J. Park, C.S. Huh, 
I.K. Kwon, D.Y. Kil, Y.J. Choi and C.S. Kong. 2016. Relationship 
between the microbiota in different sections of the gastrointestinal 
tract, and the body weight of broiler chickens. Springerplus 5: 911.
Harper L.A., R.R. Sharpe and T.B. Parkin. 2000. Gaseous nitrogen 
emissions from anaerobic swine lagoons: ammonia, nitrous oxide, 
and dinitrogen gas. J. Environ. Qual. 29: 1356–1365.
Holman D.B., B.W. Brunelle, J. Trachsel and H.K. Allen. 2017. 
Meta-analysis to define a core microbiota in the swine gut. mSystems 
2: e00004-e00017.
Korea Pork Producers Association. 2014. 2014 National Swine 
Farm Management Situation Survey (in Korean). Korea Pork Pro-
ducers Association. Seoul. Korea.
Land M., B. Held, S. Gronow, B. Abt, S. Lucas, T.G. Del Rio, 
M. Nolan, H. Tice, J.F. Cheng, S. Pitluck, K. Liolios, I. Pagani, 
N. Ivanova, K. Mavromatis, N. Mikhailova, A. Pati, R.  Tapia, 
C.  Han, L. Goodwin, A. Chen, K. Palaniappan, L.  Hauser, 
E.M.  Brambilla, M. Rohde, M. Göker, J.C. Detter, T. Woyke, 
J.  Bristow, J.A. Eisen, V. Markowitz, P. Hugenholtz, N.C. Kyr-
pides, H.P. Klenk and A. Lapidus. 2011. Non-contiguous finished 
genome sequence of Bacteroides coprosuis type strain (PC139). 
Stand. Genomic Sci. 4: 233–243.
Leser T.D., J.Z. Amenuvor, T.K. Jensen, R.H. Lindecrona, M. Boye 
and K. Moller. 2002. Culture-independent analysis of gut bacteria: 
the pig gastrointestinal tract microbiota revisited. Appl. Environ. 
Microb. 68: 673–690. 
Liu J.J., X.Q. Zhang, J. Pan, C. Sun, Y. Zhang, C.Q. Li, X.F. Zhu 
and M.  Wu. 2013. Aequorivita viscosa sp. nov., isolated from an 
intertidal zone, and emended descriptions of Aequorivita antarc­
tica and Aequorivita capsosiphonis. Int. J. Syst. Evol. Microbiol. 63: 
3192–3196.
Lykidis A., D. Pérez-Pantoja, T. Ledger, K. Mavromatis, I.J. Ander-
son, N.N. Ivanova, S.D. Hooper, A. Lapidus, S. Lucas, B. González 
and N.C. Kyrpides. 2010. The complete multipartite genome 
sequence of Cupriavidus necator JMP134, a versatile pollutant 
degrader. PLoS One 5: e9729.
Macián M.C., M.J. Pujalte, M.C. Márquez, W. Ludwig, A. Ventosa, 
E. Garay and K.H. Schleifer. 2002. Gelidibacter mesophilus sp. nov., 
a novel marine bacterium in the family Flavobacteriaceae. Int. J. Syst. 
Evol. Microbiol. 52: 1325–1329.
Nograšek B., T. Accetto, L. Fanedl and G. Avgustin. 2015. Descrip-
tion of a novel pectin-degrading bacterial species Prevotella pectino­
vora sp. nov., based on its phenotypic and genomic traits. J. Micro­
biol. 53: 503–510.
Park K.H., J.H. Jeon, K.H. Jeon, J.H. Kwag and D.Y. Choi. 2011. 
Low greenhouse gas emissions during composting of solid swine 
manure. Anim. Feed Sci. Technol. 166–167: 550–556.
Prakash O., S.J. Green, P. Jasrotia, W.A. Overholt, A. Canion, 
D.B. Watson, S.C. Brooks and J.E. Kostka. 2012. Rhodanobacter 
denitrificans sp. nov., isolated from nitrate-rich zones of a contami-
nated aquifer. Int. J. Syst. Evol. Microbiol. 62: 2457–2462.
Qiu Y.L., X.Z. Kuang, X.S. Shi, X.Z. Yuan and R.B. Guo. 2014. 
Paludibacter jiangxiensis sp. nov., a strictly anaerobic, propionate-
producing bacterium isolated from rice paddy field. Arch. Microbiol. 
196: 149–155.
Rassamee V., C. Sattayatewa, K. Pagilla and K. Chandran. 2011. 
Effect of oxic and anoxic conditions on nitrous oxide emissions from 
nitrification and denitrification processes. Biotechnol. Bioeng. 108: 
2036–2045.
Scholten E., T. Lukow, G. Auling, R.M. Kroppenstedt, F.A. Rainey 
and H. Diekmann. 1999. Thauera mechernichensis sp. nov., an aero-
bic denitrifier from a leachate treatment plant. Int. J. Syst. Bacteriol. 
Pt 3: 1045–1051.
Ueki A., H. Akasaka, D. Suzuki and K. Ueki. 2006. Paludibacter 
propionicigenes gen. nov., sp. nov., a novel strictly anaerobic, Gram-
negative, propionate-producing bacterium isolated from plant resi-
due in irrigated rice-field soil in Japan. Int. J. Syst. Evol. Microbiol. 
56: 39–44.
Walters W., E.R. Hyde, D. Berg-Lyons, G. Ackermann, G. Hum-
phrey, A. Parada, J.A. Gilbert, J.K. Jansson, J.G. Caporaso, 
J.A. Fuhrman, A. Apprill and R. Knight. 2016. Improved bacte-
rial 16S rRNA gene (V4 and V4-5) and fungal internal transcribed 
spacer marker gene primers for microbial community surveys. 
mSystems 1: e00009-e00015.
Williams A.G., M. Shaw, C.M. Selviah and R.J. Cumby. 1989. The 
oxygen requirements for deodorizing and stabilizing pig slurry by 
aerobic treatment. J. Agric. Eng. Res. 43: 291–311.
Yamashita T., H. Yokoyama, S. Kanafusa, A. Ogino, M. Ishida, 
T. Osada and Y. Tanaka. 2011. Nitrate-removal activity of a biofilm 
attached to a perlite carrier under continuous aeration conditions. 
Biosci. Biotechnol. Biochem. 75: 578–581.
Yu K.W., Z.P. Wang, A. Vermoesen, W.H. Patrick Jr and O. van 
Cleemput. 2001. Nitrous oxide and methane emissions from dif-
ferent soil suspensions: effect of soil redox status. Biol. Fertil. Soils 
34: 25–30.
Zhu J. 2000. A review of microbiology in swine manure odor con-
trol. Agric. Ecosyst. Environ. 78: 93–106.
